Rotaviruses are the most important cause of infant and childhood dehydrating gastroenteritis worldwide (11). Several strategies for developing an effective vaccine for preventing severe rotaviral disease have been pursued (16, 18) . To date, all candidate human vaccines tested have been live replicating attenuated rotaviruses delivered orally. Such candidate vaccines have shown inconsistent efficacies in clinical trials (20, 32, 35) , indicating the need for improved or alternative vaccine strategies to obtain more consistent and efficacious results. Recent studies of active immunity indicate that parenteral inoculation (intramuscular [i.m.] or intraperitoneal [i.p.]) of mice and rabbits with inactivated rotavirus or rotavirus-like particles, with or without adjuvant, generated complete or significant partial protection against rotavirus shedding following homotypic and heterotypic rotavirus challenge (9, 10, 22). These results suggest that nonreplicating-rotavirus vaccines may offer alternative approaches for immunization against rotavirus.
Rotaviruses are the most important cause of infant and childhood dehydrating gastroenteritis worldwide (11) . Several strategies for developing an effective vaccine for preventing severe rotaviral disease have been pursued (16, 18) . To date, all candidate human vaccines tested have been live replicating attenuated rotaviruses delivered orally. Such candidate vaccines have shown inconsistent efficacies in clinical trials (20, 32, 35) , indicating the need for improved or alternative vaccine strategies to obtain more consistent and efficacious results. Recent studies of active immunity indicate that parenteral inoculation (intramuscular [i.m.] or intraperitoneal [i.p.]) of mice and rabbits with inactivated rotavirus or rotavirus-like particles, with or without adjuvant, generated complete or significant partial protection against rotavirus shedding following homotypic and heterotypic rotavirus challenge (9, 10, 22) . These results suggest that nonreplicating-rotavirus vaccines may offer alternative approaches for immunization against rotavirus.
Although mice and rabbits serve as useful models for evaluation of immune responses to rotavirus, older mice and rabbits are refractory to disease after both homologous and heterologous rotavirus inoculations (4, 5, 9) , which restricts assessment of protective immunity to prevention of virus shedding only. Gnotobiotic pigs remain susceptible to heterologous (human) and homologous (porcine) rotavirus infections and rotavirus-associated diarrhea for at least 6 weeks (6, 27-29, 36, 37, 41) . Neonatal pigs and human infants also have many similarities in their gastrointestinal physiology, milk diets, and mucosal immune development (19, 25) . Thus, to better understand the immunogenicity of inactivated human rotavirus (HRV), we examined the relative capacities of peroral (p.o.) or parenteral (i.m.) inoculation of gnotobiotic piglets with inactivated HRV to induce virus-specific antibody-secreting cell (ASC) responses in intestinal and systemic lymphoid tissues. The ability of each inactivated rotavirus inoculum to protect against disease was assessed against subsequent challenge with the same strain of virulent HRV.
MATERIALS AND METHODS
Virus. The attenuated (cell culture-adapted) Wa strain (G1P1A [8] ) of HRV derived from a cell lysate from the 27th passage in fetal rhesus monkey kidney (MA104) cells (36, 37, 40) was used to prepare the inactivated virus inoculum. A pool of intestinal contents from the 16th gnotobiotic pig passage of virulent Wa rotavirus was diluted in minimal essential medium (GIBCO, Life Technologies, Grand Island, N.Y.) for use as the challenge inoculum (36, 37, 40) . The 50% infective dose (ID 50 ) of the virulent Wa rotavirus inoculum for gnotobiotic pigs was previously determined to be at least 1 fluorescent focus-forming unit (FFU) (36) .
The rotavirus antigen used for in vitro stimulation of the cultured mononuclear cells (MNC) to enumerate memory B cells was prepared from the cell culture-attenuated Wa HRV. Rotavirus from infected MA104 cell lysates (titer, ϳ10 7 FFU/ml) was semipurified by centrifugation (112,700 ϫ g) through a 40% (wt/vol) sucrose cushion. The viral pellets were resuspended to ϳ1/25 of the original volume in 0.05 M Tris buffer (pH 7.5) containing 0.1 M NaCl and 0.002 M CaCl 2 (Tris-buffered saline-CaCl 2 ), aliquoted, and stored at Ϫ70°C (6). The protein concentration was 1.33 mg/ml. Control antigen from mock-infected MA104 cell lysates was prepared in an identical manner and stored.
Virus inactivation. The attenuated Wa rotavirus was inactivated by using binary ethylenimine (BEI) as previously described (1, 12) . The supernatant of rotavirus-infected MA104 cell lysates (the virus titer before inactivation was approximately 10 7 FFU/ml) was treated with 10% BEI for 18 h at 37°C with continuous agitation. Sodium thiosulfate solution (1 M) was added to the virus-BEI mixture to a final concentration of 10% to inactivate residual BEI (21) . Inactivation was verified by loss of rotavirus infectivity in MA104 cells. The inactivated virus was aliquoted and stored at Ϫ70°C.
Inoculation and challenge of gnotobiotic pigs. Near-term pigs from five sows were derived and maintained in gnotobiotic isolation units as described previously (23) . At 3 to 5 days of age, 17 pigs (group 1) were fed 5 ml each of 100 mM sodium bicarbonate to reduce gastric acidity (14) and were p.o. inoculated 10 min later with 5 ml each of inactivated Wa rotavirus without adjuvant; 20 pigs (group 2) were i.m. inoculated at multiple sites with 5 ml each of inactivated Wa rotavirus mixed with an equal volume of incomplete Freund's adjuvant (IFA). Both group 1 and 2 pigs were reinoculated by the same route and with the same dose 10 days later. Four additional pigs (group 3) were treated the same as group 2 but were given a third i.m. inoculation 7 days after the second i.m. inoculation. Eight pigs from group 1, 12 pigs from group 2, and 2 pigs from group 3 were challenged at postinoculation days (PID) 20 to 24 with ϳ10 6 FFU (ϳ10 6 ID 50 s) of virulent Wa rotavirus (36, 37, 41) . Seventeen pigs (challenge controls) were given equal volumes of diluent p.o. (n ϭ 11) or i.m. (n ϭ 6) and challenged with the same dose of virulent Wa rotavirus as mentioned above at PID 20 to 24. Another nine age-matched naive pigs were mock inoculated and mock challenged with diluent and served as negative controls.
Pigs were observed daily for diarrhea postchallenge. Fecal consistency was scored as follows: 0, normal; 1, pasty; 2, semiliquid; and 3, liquid. Pigs with daily fecal consistency scores of Ն2 were considered diarrheic. The mean cumulative score was calculated as [͚ daily fecal scores from postchallenge days (PCD) 1 to 7]/n. Rectal swabs were collected daily and virus shedding was determined by antigen capture enzyme-linked immunosorbent assay and cell culture immunofluorescence assay with rectal swab fluids as described previously (2, 36, 41) . Weekly blood samples were collected from all pigs before and after inoculation and challenge. The virus-neutralizing (VN)-antibody titers in serum were determined by plaque reduction virus neutralization assay as described previously (29, 36, 41) . To collect the MNC for the enzyme-linked immunospot (ELISPOT) assay, one to six pigs from each group were euthanized at PID 8 and at PCD 0 (PID 20 to 24), PCD 4, and PCD 7.
Isolation of MNC. The small intestines (duodenum and ileum), mesenteric lymph nodes (MLN), spleen, and blood were collected from each pig at euthanasia and their MNC were isolated as previously described (36, 41) . The MNC were resuspended at a concentration of 5 ϫ 10 6 cells/ml of complete medium consisting of RPMI 1640 (GIBCO BRL) supplemented with 8% fetal bovine serum, 20 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 100 g of gentamicin per ml, 10 g of ampicillin per ml, and 50 M 2-mercaptoethanol.
In vitro stimulation of cultured, virus-sensitized MNC. To determine the number of memory B cells in lymphoid tissues of virus-sensitized pigs, the isolated MNC were restimulated in vitro with semipurified attenuated Wa rotavirus antigen as previously described (33, 34) and then tested by ELISPOT assay. Briefly, optimized amounts of semipurified Wa rotavirus antigen or mock-infected MA104 cell control antigen were added (ϳ40 to 50 g of protein/well) to triplicate wells of each cell preparation (2.5 ϫ 10 6 MNC in 1 ml of E-RPMI per well of a 24-well tissue culture plate [Corning Glass Works, Corning, N.Y.]) at the beginning of incubation. After 3 days of culture (5% CO 2 , 37°C), 450 l of supernatant fluid was removed and 600 l of fresh medium was added to each well. On the fifth day, MNC were rinsed once with wash medium and virusspecific ASC were enumerated by ELISPOT assay at three (5 ϫ 10 5 , 5 ϫ 10 4 , and 5 ϫ 10
3 ) or more dilutions. ELISPOT assay for virus-specific ASC and total IgSC. ELISPOT assays to enumerate isotypes of virus-specific ASC on acetone-fixed, rotavirus-infected cell plates and total-immunoglobulin (Ig)-secreting cells (IgSC) on anti-Ig-coated plates were conducted by using previously published methods and reagents (6, 41) . Briefly, Wa rotavirus-infected fixed-cell plates (for virus-specific ASC) and plates coated with affinity-purified goat anti-pig IgM (25 g/ml) (Kirkegaard & Perry Laboratories [KPL] Inc., Gaithersburg, Md.), goat anti-pig IgA (30 g/ml) (Bethyl Laboratories Inc., Montgomery, Tex.), and goat anti-pig IgG (1 g/ml) (Bethyl Laboratories Inc.) (for total isotype-specific IgSC) were washed with deionized water prior to use. Single cell suspensions of MNC from each tissue were added to duplicate wells (5 ϫ 10 5 , 5 ϫ 10
4
, and 5 ϫ 10 3 cells/well). Plates were incubated for ϳ12 h at 37°C in 5% CO 2 and then washed and incubated with biotinylated mouse monoclonal antibody (purified ascites fluids) to pig IgG (derived from hybridoma 3H7; 0.03 g/ml), pig IgA (derived from hybridoma 6D11; 0.04 g/ml), or pig IgM (derived from hybridoma 5C9; 0.35 g/ml) (hybridomas provided by P. Paul, Iowa State University, Ames) (24) for 2 h at room temperature. Plates were washed and horseradish peroxidase-conjugated streptavidin (KPL Inc.) was added (diluted 1:30,000 in phosphate-buffered saline). After incubation for 1 h at room temperature, the plates were washed, and spots were developed with tetramethylbenzidine and the H 2 O 2 peroxidase substrate system (KPL Inc.). The numbers of virus-specific ASC and total IgSC were determined by counting blue spots in the wells and were reported as the number of virus-specific ASC or total IgSC per 5 ϫ 10 5 MNC.
Statistical analyses.
The mean numbers of ASC and IgSC were calculated for treatment groups 1, 2, and 3 and controls at the following times: PID 8, PCD 0 (PID 20 to 24), PCD 4, and PCD 7. The statistical analyses of the virus-specific ASC in each group at the selected times were done by two-way analysis of variance with statistical analysis systems (SAS Institute Inc., Cary, N.C.) and Student's t test. The serum VN-antibody titers, virus shedding, and diarrhea data were analyzed by Kruskall-Wallis one-way analysis of variance and the MannWhitney U test. The correlations between protection from challenge and numbers of virus-specific ASC at PCD 0 (PID 20 to 24) were determined by Spearman's correlation. Statistical significance was assessed at a P value of Ͻ0.05.
RESULTS
Clinical and serologic responses to virulent Wa rotavirus challenge. The serum VN-antibody titers at challenge and the clinical responses of each group postchallenge are summarized in Table 1 . All pigs from each group shed virus as detected by enzyme-linked immunosorbent assay after challenge. Seven of 8 (88%) group 1 pigs, 10 of 12 (83%) group 2 pigs, and 2 of 2 (100%) group 3 pigs developed diarrhea. Hence, the two p.o. inoculations of pigs with inactivated Wa rotavirus conferred no protection (0%) and the two or three i.m. inoculations conferred little protection (6 and 0%, respectively) against diarrhea following virulent Wa HRV challenge (Table 1) . Only the duration of virus shedding was significantly lower in the virusinoculated pigs than in the challenged diluent-inoculated controls (Table 1) . No significant differences in diarrhea and virus shedding data between group 3 pigs and group 2 pigs were found, although the tendency was toward a lower mean peak fecal titer of virus shed and a lower mean cumulative diarrhea score in group 3 pigs than in group 2 pigs.
In groups 2 and 3, 100% of pigs seroconverted, with high geometric mean titers (GMT) of VN antibody in serum (VN GMT ϭ 4,000 and 10,951, respectively) to rotavirus at challenge (PID 20 to 24), whereas only 20% of group 1 seroconverted at challenge, resulting in a group 1 VN GMT of 4 ( Table  1 ). The VN GMT of group 1 and 2 pigs increased about 20-and 2-fold by PCD 7, respectively, over the prechallenge VN GMT (data not shown). No correlation between the VN GMT in serum and protection was found.
Rotavirus-specific ASC responses in vivo. The kinetics and tissue distribution of virus-specific ASC isotypes in pigs p.o. or i.m. inoculated twice with inactivated Wa rotavirus are depicted in Fig. 1 and 2 (data for group 3 pigs was not included because too few pigs were tested [n ϭ 1 or 2] at each time point). Each group's peak virus-specific IgG and IgA ASC responses for each tissue are summarized in Tables 2 and 3 . For the (p.o.-inoculated) group 1 pigs, few virus-specific ASC were detected before challenge in all tissues tested (Ͻ2 ASC per 5 ϫ 10 5 MNC at PID 8 and Ͻ7 ASC per 5 ϫ 10 5 MNC at PID 21). In contrast, significant virus-specific IgM ASC responses were induced in all tissues except blood in group 2 pigs at PID 8, with the greatest numbers of virus-specific IgM ASC induced in the MLN (33 ASC per 5 ϫ 10 5 MNC). IgM ASC prevailed over IgA and IgG ASC in intestinal tissues of these pigs at challenge (PID 20) (Fig. 2) . The virus-specific IgG ASC numbers were significantly greater in the systemic tissues of the group 2 pigs at PID 20 than in those of the group 1 pigs (Fig.  2 and Table 3 ) and were predominate in the blood of the group 2 pigs at all time points ( Fig. 1 and 2 ). For group 3 pigs, few virus-specific ASC were detected before challenge in all tissues tested except for spleen and peripheral blood lymphocytes (PBL) ( Tables 2 and 3) , and as for group 2, virus-specific IgG ASC prevailed over IgA ASC in all tissues. Virus-specific IgM ASC constituted the major isotype detected among MNC from intestinal tissues prior to challenge (Table 2) .
After challenge, both group 1 and 2 pigs exhibited significant anamnestic IgG and IgA ASC responses (except for IgA ASC in the spleens of group 2 pigs), with IgG ASC responses predominating in all tissues ( Fig. 1 and 2 and Tables 2 and 3 ). The greatest numbers of virus-specific IgG ASC were induced after challenge in the small intestinal lamina propriae (726 ASC per 5 ϫ 10 5 MNC in the duodenum at PCD 7) and blood (441 ASC per 5 ϫ 10 5 MNC at PCD 4) of group 2 pigs. At PCD 7, the numbers of virus-specific IgG ASC in the duodena, spleens, and blood of group 2 pigs were significantly greater than those for the (p.o.-inoculated) group 1 pigs (Fig. 2) . The numbers of virus-specific IgA ASC increased 14-to 106-fold for group 1 pigs and 10-to 25-fold for group 2 pigs in the intestinal lymphoid tissues and blood by PCD 4 (Tables 2 and 3 ). The numbers of virus-specific IgA ASC in the ilea and MLN of group 1 pigs were significantly greater than those in the ilea and MLN of group 2 pigs at PCD 4. The IgG/IgA ASC ratios were lower overall in group 1 pigs (except in the duodenum) than in group 2 pigs because of the relatively greater numbers of virus-specific IgA ASC induced in group 1 pigs (Tables 2  and 3 ). Group 3 pigs also showed significant anamnestic IgG and IgA ASC responses postchallenge, with IgG ASC responses predominating in all tissues (as seen with group 2 pigs). No significant differences between the IgG, IgA, and IgM ASC responses of group 2 and 3 pigs were observed.
Virus-specific B-cell memory responses after in vitro stimulation of virus-sensitized MNC. Following 5 days of in vitro culture and virus or mock-antigen stimulations, duodenal and ileal MNC were generally less viable (16 and 23% viable, respectively) than MLN (57%), spleen (40%), and PBL (39%). No spots were detected in control wells in which mock-infected MA104 cell antigen was added to the MNC during culture. The tissue and isotype distribution of virus-specific IgG and IgA memory B cells correlated with the in vivo virus-specific ASC responses observed at and after challenge (Tables 2 and 3) . Little or no in vitro data was available for group 3 pigs because of the low number of pigs tested. The numbers of IgG and IgA memory cells were low (Ͻ5 per 5 ϫ 10 5 MNC) in the intestinal lymphoid tissues of all groups tested at challenge (PCD 0). At PCD 0 (PID 21), no memory IgA ASC were detected in the intestines of group 1 pigs, whereas a few memory IgA ASC were present in the intestines (3 per 5 ϫ 10 5 MNC) and more were present in the blood (14 per 5 ϫ 10 5 MNC) of group 2 pigs (Tables 2 and 3 ). The numbers of memory IgA ASC in the blood of group 2 pigs at challenge were similar to the numbers of in vivo secondary IgA ASC at PCD 4 (14 versus 20 ASC per 5 ϫ 10 5 MNC) (Table 3 ). However, numbers of memory IgG ASC were 6-to 13-fold higher than the numbers of in vivo secondary IgG ASC postchallenge (PCD 4) in the systemic lymphoid tissues of the group 2 pigs at challenge (PCD 0) ( Table 3) . After challenge, the IgG and IgA memory B cells increased markedly in the intestines and blood of both groups 1 and 2. The numbers of memory IgA ASC in the blood of the group 1 pigs at PCD 4 were ϳ10-fold higher than the numbers of in vivo IgA ASC in the blood at PCD 4 ( Table 3 ). The greatest numbers of memory B cells were in the duodena of i.m.-inoculated pigs (groups 2 and 3) at PCD 4, with numbers of memory IgG ASC and IgA ASC 30-and 9-fold higher, respectively, than the numbers of corresponding in vivo virusspecific ASC at PCD 4 ( Table 2 ). In the spleens and blood of i.m.-inoculated pigs, the numbers of memory IgG ASC were 23-to 26-fold higher than the numbers of in vivo IgG ASC at PCD 4 (Table 3) .
Total in vivo IgSC response. The magnitude of total IgSC responses for group 1 and 2 pigs was much greater than but paralleled the virus-specific ASC responses of the different tissues at each time point. Total IgSC responses for group 3 pigs were not determined. For group 2 pigs, 1.5-to 10-foldgreater numbers of total IgM IgSC were induced in all tissues, and significantly greater numbers of total IgG IgSC were induced in the systemic lymphoid tissues by PID 21 than for group 1. However, the numbers of total IgA IgSC were 1.3-to 8-fold greater in group 1 pigs than in group 2 pigs. At PCD 4, the numbers of total IgSC increased 61-to 391-fold for IgG and 4-to 27-fold for IgA in the intestines for both groups 1 and 2. The total numbers of IgG IgSC remained greatly elevated both pre-and postchallenge in the systemic lymphoid tissues (spleens and PBL) of the group 2 pigs compared to the group 1 pigs. Conversely, the total numbers of IgA IgSC in the ileum and MLN were greatly elevated in group 1 pigs compared to group 2 pigs at all times. The virus-specific IgG, IgA, and IgM ASC constituted 2 to 78% of the total IgG, IgA, and IgM IgSC for both groups 1 and 2 at different times in the various tissues.
DISCUSSION
Previous studies of mice and rabbits suggested that parenteral inoculation with UV-psoralen-or formalin-inactivated rotavirus induced at least partial protection against rotavirus shedding, but protection against diarrhea could not be assessed in models with these animals. Furthermore, in our previous studies we confirmed that inactivation of rotavirus with 10% BEI did not result in the loss of rotavirus antigenicity as verified by similar antigen titers with neutralizing monoclonal (VP4-and VP7-specific) and polyclonal antibodies before and after inactivation (12) . In addition, BEI-inactivated rotavirus was effective in significantly enhancing titers of antibody to rotavirus in serum and milk in parenterally inoculated cows (12) . Therefore, in the present study we investigated the ability of BEI-inactivated Wa rotavirus (attenuated strain) administered p.o. or i.m. to induce virus-specific ASC responses and protection. The numbers of virus-specific IgA ASC induced in pigs inoculated with inactivated Wa rotavirus at challenge were very low (Յ6 ASC per 5 ϫ 10 5 MNC) and did not differ significantly between the i.m.-and p.o.-inoculated groups. In prior studies (27, 28, 41) , we showed that p.o. inoculation of gnotobiotic pigs with live Wa human rotavirus (either virulent or attenuated) induced greater numbers of virus-specific IgA and IgG ASC in intestinal lymphoid tissues at PID 21 than did either p.o. or i.m. inoculation with inactivated Wa rotavirus in the present study. These findings concur with the significantly higher rotavirus-specific IgA antibody responses observed in culture supernatants of intestinal lamina propriae from mice inoculated p.o. with live rhesus rotavirus (RRV) (7). The p.o. inoculation of mice with inactivated RRV induced ϳ32-foldless virus-specific IgA (22 versus 706 ng/ml) in intestinal lamina propria organ culture supernatants than that found after p.o. inoculation of mice with live RRV (7), and the i.m. inoculation of mice with live or inactivated RRV induced ϳ10-fold less (71 versus 706 ng/ml). In this study, the p.o. inoculation of pigs with inactivated Wa rotavirus induced ϳ11-fold-fewer virusspecific IgA ASC in the lamina propria (duodenum and ileum) at challenge than previously found after oral inoculation with live virulent Wa rotavirus (41) (41) . In this context, the mouse model differs from the pig model in that the intestinal IgG antibody response elicited following i.m. inoculation of mice with inactivated RRV was of a magnitude similar to that elicited by live oral RRV (7). The total antigen dose of inactivated rotavirus administered relative to the size of the animal's intestine may play a role in the apparently weaker immune response of the pig to inactivated rotavirus. Although a mouse's total intestinal mass is considerably less than that of a pig, the doses of antigen were similar or even higher in the mice (virus titers before inactivation: ϳ6.8 ϫ 10 8 PFU of RRV per mouse [7] and 4 ϫ 10 6 FFU of epidemic diarrhea of infant mice rotavirus per mouse [22] versus ϳ10 7 FFU of Wa HRV per pig). Thus, administration of similar antigenic inactivated virus doses relative to total intestinal masses for each animal model may be needed for true comparative studies to be performed. In this regard, the neonatal pig may be a more suitable vaccine model for human infants because of its similarity in intestinal physiology and mass.
Neither p.o. nor i.m. inoculation of pigs with inactivated Wa rotavirus elicited significant intestinal IgA or IgG ASC responses in this study or protected pigs against diarrhea or virus shedding after challenge. Our results concur with the outcome of previous studies evaluating the protective efficacy of i.m. immunization of gnotobiotic pigs with a bovine rotavirus vaccine (42) but conflict with findings from parenteral-immunization studies of mice (i.p.) (22) and rabbits (i.m.) (10) . Although i.m. inoculation of pigs with formalin-inactivated bovine rotavirus (without adjuvant; preinactivation virus titer of 10 7.5 50% tissue culture infective doses) induced high virus-specific antibody titers in serum, pigs were not protected against subsequent challenge with HRV (42). In contrast, the i.p. inoculation of mice (22) and the i.m. inoculation of rabbits (10) with either live or inactivated (with UV-psoralen or formalin) homologous or heterologous rotaviruses conferred complete or nearly complete protection against rotavirus shedding (diarrhea could not be assessed in these animal models) upon homotypic or heterotypic rotavirus challenge. The protective immunity was associated with high levels of intestinal antibody to rotavirus of the IgG but not the IgA isotype (10) . It is possible that the neutralizing effect of the virus-specific IgG induced in large quantities in the intestines of mice and rabbits played an important role in protection against rotavirus infection in these models.
In this study, no correlation between the serum neutralizingantibody titers and protection was found. This result is consistent with our previous findings (31, 41) and with findings re- ported for studies of rotavirus infections in mice and humans (38, 39) . Antibody responses to rotavirus were increased by using adjuvants with the virus inoculum, but the absence of adjuvants and the use of different adjuvants did not influence the protection conferred by the virus vaccination. In rabbits, significant protection was conferred by two doses of live or inactivated rotavirus in either Freund's adjuvant (complete [CFA] and IFA) or aluminum phosphate (10) . In mice inoculated i.p., with CFA for the first inoculation and IFA for the second inoculation, antibody responses were increased four-to eightfold compared to the responses of mice inoculated without adjuvant, but even without adjuvant, the mice were still significantly protected against virus shedding after challenge (22) . One must also question whether the i.p. route of infection is a true parenteral route of immunization. Studies of reovirus infections in mice have suggested that viral antigen may be taken up into the gut via the serosal surface after i.p. inoculation, eliciting intestinal antigen processing and stimulation (26) . Similarly in ruminants and pigs, i.p. immunization can induce IgA-containing cells in the intestine or prime for local intestinal or respiratory antibody responses when an irritant adjuvant (CFA) is administered with antigen (17, 30) . Presumably, inflammation associated with use of CFA enhances antigen uptake into the intestine via the serosal surface. Therefore, immune responses induced by i.p. inoculation with CFA may be more similar to the mucosal route of antigen processing and presentation than responses induced by i.m. immunization.
The differences observed after oral and parenteral immunizations in the clinical and immunological responses of mice, rabbits, and pigs may also be related to differences in the pathogenesis of rotavirus in these animals. In the adult mouse and rabbit models, rotavirus infects and replicates within the intestine but induces no diarrhea and little or no cytopathology (i.e., villous atrophy). Further, both infection and induction of disease by heterologous rotaviruses in the neonatal mouse appear to be dose dependent in that only relatively high doses of HRV (13) (i.e., Ն10 5 50% tissue culture infective doses) or other rotaviruses (5) are capable of infecting the animal and inducing disease. In contrast, significant villous atrophy is observed in the intestines of gnotobiotic pigs following infection with even low doses (ϳ10 3 ID 50 ) of virulent Wa HRV (37). Thus, the gnotobiotic pig appears to be uniquely susceptible to Wa HRV infection and disease. Consequently, it is likely that a different type of immune response (intestinal IgA antibody) and/or an immune response of much greater magnitude is required to protect the piglet against rotavirus infection and disease than is required to protect mice and rabbits against rotavirus infection (i.e., shedding) only. Further study is needed to elucidate the potential differences that are involved in the pathogenesis of rotavirus in these various animal species.
Memory B cells play an important role in secondary immune responses (15) . During the secondary immune response, the immune system can prevent reinfection or disease or eliminate a pathogen which has been encountered previously by the individual more rapidly and efficiently. Hence, the magnitude of memory B-cell responses at the local site of infection at challenge may be a predictor for the protective efficacy of a vaccine against disease (33, 34) . In vitro stimulation of intestinal MNC at PCD 0 from pigs inoculated p.o. with inactivated virus elicited no memory IgA ASC, which coincided with the inactivated virus' 0% rate of protection against diarrhea after challenge. Similarly, the i.m. inoculation of pigs with inactivated virus in IFA induced few memory IgA ASC in the intestines and blood (Tables 2 and 3) , and the protection that these i.m. inoculations conferred against diarrhea following challenge was minimal (0 to 6% protection rate). Also, the high numbers of memory IgG ASC in the systemic lymphoid tissues of these pigs were not correlated with protection. Studies of memory B-cell responses in the protected animals (or animals which had recovered from virulent rotavirus infection) at challenge are in progress in our laboratory. Preliminary data shows that high numbers of memory IgA ASC are induced in the MLN, spleens, and blood of pigs p.o. inoculated with live virulent Wa rotavirus at challenge (data not shown). The potential correlation between memory B cells quantitated by in vitro ELISPOT assay and protection needs to be further investigated.
In this study, the p.o. administration of inactivated virus greatly increased total IgA IgSC numbers in the ileum, MLN, and PBL at almost all time points compared to the numbers in the analogous tissues of parenterally (i.m.) inoculated pigs (data not shown). In contrast, parenteral inoculation greatly increased total IgG IgSC numbers in systemic lymphoid tissues (spleen and PBL) at almost all time points compared to p.o. inoculation with inactivated rotavirus. Thus, the rotavirus inoculum was a polyclonal B-cell activator of IgSC, but the total numbers and isotypes induced were related to the route of antigen administration. Others (3) observed similar polyclonal IgA and IgG activation in the gut-associated lymphoid tissues of mice orally inoculated with microencapsulated rotavirus.
In conclusion, this study has demonstrated that i.m. inoculation of naive pigs with inactivated Wa rotavirus induced high numbers of IgG ASC and of memory IgG ASC in systemic but not intestinal lymphoid tissues. However, the systemic IgG ASC responses and the serum neutralizing-antibody titers did not correlate with protection of these pigs against subsequent virulent rotavirus challenge. These results support the hypothesis that in this animal model, the use of mucosal immunization routes and live replicating virus to induce an intestinal IgA antibody response may be the most efficient regimen for rotavirus vaccination to induce protective immunity. Whether parenteral administration of inactivated rotavirus vaccines to animals previously exposed to rotavirus might be an effective method to boost rotavirus immune responses, especially IgA antibodies, is unclear and requires additional study.
